The theoretical design and analysis of a metal coated hybrid sensing system of Fibre Bragg Grating (FBG) and Extrinsic Fabry-Perot Interferometer (EFPI) cavity for high pressure high temperature (HPHT) measurement in subsea underwater applications is reported. The FBG and EFPI are used to measure temperature and pressure respectively. An opto-mechanical model that assesses the measurement of HPHT for subsea underwater applications with hybrid sensing system was developed. In this model, coating of the sensor with metallic materials is studied. The model combines both optical and structural analyses for developing an optimal sensor system design. The optical analysis is carried out to obtain the spectral response of the sensor while the structural analysis is used to obtain the change in optical properties of the sensor due to photo-elastic effect. Analytical results showed that the temperature sensitivity of the hybrid sensor with double layer metal coated FBG increased to
I. INTRODUCTION
The increasing demand in hydrocarbon production has led to a constant drive for the advancement in sensing technology with its ever increasing resolution, accuracy and stability. This has led to the development of downhole temperature and pressure gauges and optical fibre technologies for accurate measurement. The electrical sensors have many limitations when used as remote sensors in subsea underwater environments. For instance, the sensor head requires electrical cables to be connected to the remote location which are usually very difficult to provide. Also, sensitive elements of electronic components are needed for data processing in this harsh environment which affects the reliability of the sensor. One major challenge of the electrical sensors is that they become extremely unreliable when used in harsh environments [1] .
Optical sensors have been proven to be more reliable, efficient and sensitive than their electrical counterparts [2] [3] [4] . Making them to become more widely acceptable by engineers and particularly attractive in the oil industry for subsea underwater environments. Also, as optical sensors are generally constructed using coated glass and metal, they have recently become the suitable choice in the oil and gas industry for deployment in harsh environments [3] . However, the optical fibre sensor suffers significant pressure and temperature cross sensitivity issue when used in oil and gas measurements. The different types of optical sensors are -fiber Bragg grating (FBG) for different parameter measurements [5] [6] [7] [8] , extrinsic Fabry-Perot interferometer (EFPI) for both pressure and temperature measurements [9] [10] [11] [12] . A hybrid FBG/EFPI sensor based on single metal layer coating has been reported [11] [12] [13] . However, the single coated sensors suffer significantly from low sensitivity when used in elevated HPHT environments in the oil and gas industry. The sensitivity requirement of FBG sensors in oil and gas applications is very important and is usually in high magnitude.
Several techniques of metallic coating on FBG have been studied [13] [14] [15] [16] . Some metallic coatings applied to optical fibre using techniques such as electroless plating, physical vapour deposition (PVD), and thermal spraying are silver, aluminum, copper, nickel, gold, titanium and lead. The electroless plating is the most commonly used method of coating because of its simplicity and low cost. Li et al [17] used lead cladding to enhance temperature sensitivity of FBG sensor. He found out that metal with much larger thermal expansion coefficient produces better sensitivity performance (five times more) than the bare fibre.
Silicon piezo-resistive and capacitive based pressure sensors have been reported and developed [18] [19] [20] . However, silicon based pressure sensors have suffered serious mechanical performance degradations when used in harsh environment.
A work on the preliminary investigation of temperature and pressure measurement system for downhole monitoring of oil wells using FBG/EFPI sensing had previously been reported to 978-1-5090-5278-3/17/$31.00 ©2017 IEEE overcome the issue of temperature and pressure cross sensitivity [21] . A de-multiplexing mathematical model was also proposed for separating the FBG spectrum from the EFPI. The FBG/EFPI sensor is a diaphragm based sensor with the referenced FBG to eliminate the effect of temperature cross sensitivity. However, with many advantages of this sensor type, it suffers low sensitivity when used in elevated temperature environments.
To overcome these limitations, this work presents an analytical model of metal coated hybrid sensing system of Fibre Bragg Grating (FBG) and Extrinsic Fabry-Perot Interferometer (EFPI) cavity for HPHT measurement in downhole monitoring applications. These sensors are made using two dissimilar metal materials and the sensors are spectrally encoded. Theoretical analysis was carried out to obtain the spectral response of the hybrid sensor and the structural analysis is used to obtain the change in optical properties of the sensor due to photo-elastic effect. Copper and nickel were chosen as the coating materials for this paper. While copper was selected as the outer protective layer due to its large thermal expansion coefficient and good extension, nickel was chosen as the conductive layer for its high melting point, non-susceptible to corrosion and oxidation, good conductivity and also large thermal expansion coefficient [22] . Silicon carbide (SiC) is the choice material for the EFPI diaphragm owing to its chemical inactiveness and mechanical robustness when used in harsh environment. The operating temperature of EFPI based pressure sensor is limited by the choice of the diaphragm being used. Here we propose a hybrid FBG/EFPI sensor with the FBG coated with outer protective layer of copper and inner layer of nickel. The EFPI has a SiC diaphragm.
II. ANALYTICAL MODEL
The schematic of the wavelength encoded hybrid sensor is shown in Fig.1 . The sensing head is made up of FBG and EFPI sensors connected in series for HPHT measurements. The FBG is sensitive to temperature as a result of the thermos-optic effect and thermal expansion of the fibre material while the EFPI is used to measure high pressure. A convoluted combined signal is derived from the configuration but first, each individual signal was analysed and modelled. To analyse the effect of the metal coating on the sensitivity of the hybrid sensor and obtain the optimum thickness of the coated metal, an opto-mechanical model will be developed. This model is based on the photo-elastic and thermo-optic properties of the fibres.
A. FBG sensor opto-mechanical model and response
The FBG sensor is wavelength encoded and the wavelength varies with the period of the grating. The FBG is produced by radiating the optical fibre with intense ultra-violet beams originated from the same laser source. The beams which are coherent, constructively and destructively interfere. The standard germanium doped FBG was used with wavelength of 1550 , the pressure sensitivity and temperature sensitivity are −3 / and 13 /℃ [23, 24] respectively. The opto-mechanical model of the FBG sensor predicts the shift in Bragg wavelength with respect to temperature and pressure functions at various thickness of the coated metals. To study the temperature sensitivity of a metal coated FBG, first the analysis of a coated FBG subject to the effect of strain by temperature changes is carried out.
The components of this system subject to both temperature and pressure are analysed numerically using Matlab. To measure temperature change ∆ , the wavelength shift ∆ when exposed to thermal strain variation is given by [4] 
where is the Bragg wavelength, is the effective refractive index of the fibre, and are the components of the fibre optic strain tensor also known as the Pockels constants of the fibre determined experimentally, is the applied strain along the longitudinal axis, represent the radial thermal strain, is the thermal expansion coefficient for the fibre, is the thermo-optic coefficient and is the Poisson's ratio.
To measure the combined effect of both temperature and pressure simultaneously, the shift in Bragg wavelength is expressed as [4] 
Where , and are the temperature sensitivity, pressure sensitivity and cross sensitivity respectively. This model is based on some certain assumptions. The metal coatings, thermal expansion coefficient of the fibre , the thermo-optic coefficient and the Poisson's ratio are all constant and independent of the thermal variations. Also we assume that there is no relative displacement between the metal coating and the FBG.
To carry out the opto-mechanical model of the FBG sensor, the infinite circular thin wall of a hollow cylinder model is employed. This is made of three-layered materials with the first material representing the copper coating, the second material representing nickel coating and the third representing FBG. The cylinder is considered to be an isotropic linear elastic composite material with free ends. The Lame's formula and strain-stress relationship is use in this model [25] . The parameters for the model are for thermal expansion coefficient, for Young's modulus, for the Poisson ratio and for radius of the fibre ( = 1, 2, 3 for the FBG, nickel and copper coating respectively).
Copper was used as the outer coat metal because of it physical property such as high thermal expansion, high ductility, good tensile strength, ability to withstand corrosion when use in harsh environment, strong resistance to creep (deformation) and has melting and boiling points of 1083.4 +/-0.2°C and 2567°C respectively. The Young's modulus of is between 110 -128 and the Poisson ratio is 0.34.
The axial and radial characteristics of the metal coating are studied and analysed. From Hooke's theorem, the strain of the FBG as a result of the axial thermal stress is given by
= ∆
Where is the thermal axial coefficient given by:
For FBG in the metal coated model, it is worth noting that the radial strain of the FBG as a result of the radial thermal stress, and the axial strain as a result of the axial thermal stress can are expressed as:
The radial and axial strains can be expressed as:
Where is known as the radial thermal stress coefficient expressed as:
Where the respective expressions for are shown in the table  below   TABLE I. EXPRESSIONS FOR
The final strains and of the coated FBG are the combination of both the radial and the axial thermal stresses and it is expressed as:
Substituting these into the (1) the wavelength shift ∆ when exposed to thermal strain variation;
Where is the sensitivity coefficient of the coated materials and optical fibre, is the temperature sensitivity coefficient of the bare FBG whose constants are determined by the fibre material, is the axial thermal strain sensitivity coefficient and is the radial thermal strain sensitivity coefficients. The parameters , , , , and are affected by the properties of the FBG material.
B. The effect of metal coated FBG on temperature sensitivity
To properly investigate the effect of the metal coating properties on the sensitivity of FBG, the variation of temperature sensitivity and the material properties were first studied using the double layered opto-mechanical model shown in (7) . In this design, a Cu-Ni coated FBG with diameter 62. 5 was used.
The parameters used for the simulation are listed as follow [26] ; the FBG parameters are = 74 , = 0.55 × 10 /℃, = 6.3 × 10 /℃, = 0.121, = 0.27, = 1.456, = 0.17, and = 62.5 . The parameters for nickel coating are = 220 , = 14.2 × 10 /℃, and = 0.31. The parameters for copper coating are = 120 , = 17.2 × 10 /℃, and = 0.32. Fig. 2 presents the effect of the nickel metal coating property on temperature sensitivity of the metal coated FBG. As depicted in Fig. 2 , the temperature sensitivity at first has a linear trend but has the tendency to decline with increase in elastic modulus. The temperature sensitivity varies from 20.57 /℃ to 21.79 /℃ at = 180 and then starts to decline as increases further. This response is as a result of the linear structural properties of the metal coat and the linear characterization of FBG.
Fig 2. Effect of elastic modulus
on temperature sensitivity Also, Fig 3 depicts the effect of thermal expansion coefficient with temperature sensitivity. Within certain range, the temparature sensitivity increases with increase in coefficient of thermal expansion which shows a linear relationship. It is important to note that the material properties discussed above are interrelated. For example, the elastic modulus and the Poisson's ration are dependent on each other. If the elastic modulus increases, the Poisson's ratio decreases. Therefore, in a practical scenero, these properties cannot be separated from each other when studying the effects on the sensitivity of metallic coated FBG.
Fig. 3 Effect of thermal expansion coefficient on temperature sensitivity
The parameters for the − coated FBG are shown above. The thickness of is represented as ℎ2 while that of is ℎ1. According to Fig 4, the − coated FBG shows the relationship between temperature sensitivity with change in ℎ1 and ℎ2. It can be seen that when the coating thickness ℎ2 is between 0 and 90 , the temperature sensitivity increases to 22.5 × 10 / ° and then rises slowly to 23.6 × 10 / ° before it reaches steady state at 23.89 × 10 / ° with the increase of ℎ2. This, compared with a single metal coated FBG having a temperature sensitivity of 13.9 × 10 / ° as reported in [23, 24] , has higher temperature sensitivity for the same value of ℎ1. The result shows that the double metal layer coated FBG enhances tempearture sensitivity more than a single layer coated FBG. The theoretical analyses show that the temparature sensitivity of FBG changes with the variation of metal coating thickness. Fig. 4 Effect of metal coated FBG on temperature sensitivity. The inset showed the sensitivity on a single coated metal. Results show that Bragg wavelength peaks increase linearly with various coating thickness. The double coated metal FBG peak wavelength increases linearly with a temperature sensitivity of 21.7 × 10 / ° while that of single coated metal is 13.9 × 10 / ° . The result also showed that the Bragg wavelength shifted down by almost 12.7 . This shows that different variation of metal coated FBG thickness can be attributed to the change in temperature sensitivity and increase in the coated FBG thickness increases the the temperature sensitivity of FBG.
III. EFPI SENSOR MODEL AND RESPONSE
The EFPI is formed at the end face of the fibre and the SiC diaphragm. The SiC diaphragm deflects under any kind of stress which provides the pressure sensing characterization. The optical path distance known as the cavity length between the end face of the fibre and the diaphragm will change as a result of the lateral and longitudinal compressions of both the coating metals and the diaphragm. When the metal coated sensor head is subjected to an applied pressure, the longitudinal air-gap distance ∆ of the EFPI will change as a result. The relationship between the applied pressure ∆ and the cavity length ∆ of the hybrid sensor assuming the lead-in fibre and the reflecting diaphragm is expressed as [27] ;
This models the deflection of a circular diaphragm when subjected to uniform distributed applied pressure.
Where is the radius of the SiC diaphragm defined by the inner diameter of coat metal, ℎ is the thickness of the diaphragm, . The relationship between the pressure sensitivity, the diaphragm thickness and its radius is depicted in Fig 6. It shows that pressure sensitivity increases with increase in diaphragm radius and decreasing thickness. Considering the design objective of the HPHT, the diaphragm radius is taken to be 1 and the thickness to be 40 . Fig. 6 Pressure sensitivity against SiC diaphragm thickness and radius. The sensitivity is directly proportional to the diaphragm thickness but inversely proportional to the square of the effective radius.
The frequency response of the SiC diaphragm against the thickness was also illustrated in this work. The frequency response is a very important performance parameter when dynamic pressure range is considered. For the SiC diaphragm to operate within a linear range of dynamic pressure, the resonance frequency should be at least three to five times the highest applied frequency [27] . Fig. 7 shows that the result of the EFPI pressure sensor model is feasible. The relationship between the cavity length and the applied pressure on the metal coated sensing head remains linear from theoretical modelling and predictions. It shows that the cavity length decreases linearly with increase in pressure from 0 -5000 . The cavity length of the proposed sensor can be affected by the physical properties of the coated metals used like the thermal expansion coefficient and the thickness of the SiC diaphragm. The variation of the cavity length against the applied pressure was measure as 21 / . However, temperature compensation may be necessary for higher accuracy measurements. The proposed sensor was highly dependent on the material properties of the diaphragm. SiC has a Young's modulus of 420GPa, making it very stiff and as such produced a very small deflection when the diaphragm was subjected to external applied pressure. It should also be noted that the sensitivity of the proposed sensor is dependent on the stability of the cavity length. Due to the nature of the SiC diaphragm, the cavity length tends not to drift over time which will enable the resolution and accuracy of the measurements to withstand long term reliability.
Furthermore, the requirement for any specific cavity length in EFPI sensor design, depends on the pressure range for the application. For subsea underwater applications, HPHT range measurements are required. Therefore, the proposed sensor design was carried out and could be used for reliable HPHT measurements in underwater applications. In this hybrid metal coated sensor design, there are few considerations to be noted. As a result of the usual high thermal expansion coefficient of metals, they may expand rapidly with higher temperature. Creeping tends to also occur on the metals with high temperature. These characteristics of the metals will have influence over the performance of the proposed sensor.
IV. CONCLUSION
This work detailed the description of a possible theoretical design of a hybrid FBG/EFPI sensor for measurements of temperature and pressure in subsea underwater applications. The FBG is coated with outer protective layer of copper and inner layer of nickel, while the EFPI pressure sensor has an all SiC diaphragm with 1 radius, thickness of 40 and cavity length of 30 . Theoretical models and analysis of this sensor were carried out. The optical analysis is carried out to obtain the spectral response of the sensor while the structural analysis is used to obtain the change in optical properties of the sensor due to photo-elastic effect. Also, the characteristics of a rigidly SiC diaphragm is used to determine the suitability of the sensing configuration.
The sensor was theoretically designed for ranges of temperature and pressure between 100 − 2000 ° and 0 -5000 respectively. Simulations of these models were done and results show that temperature sensitivity of the sensor was enhanced from 13.95 / ° to 23.89 / ° and and the associated pressure range to be measured up to 5000 when compared to that of a single coated sensor. The proposed hybrid sensor maybe useful for measurements of HPHT in subsea underwater applications.
